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Abstract 6 
Raman spectroscopy complimented with infrared spectroscopy has been used to study the 7 
variation in molecular structure of two minerals of the apophyllite mineral group, namely 8 
apophyllite-(KF) KCa4Si8O20F·8H2O and apophyllite-(KOH) KCa4Si8O20(F,OH)·8H2O. 9 
apophyllite-(KF)  and apophyllite-(KOH)  are different minerals only because of the 10 
difference in the percentage of fluorine to hydroxyl ions. The Raman spectra are dominated 11 
by a very intense sharp peak at 1059 cm-1.  A band at around 846 cm-1 is assigned to the 12 
water librational mode.  It is proposed that the difference between apophyllite-(KF) and 13 
apophyllite-(KOH)   is the observation of two Raman bands in the OH stretching region at 14 
around 3563 and 3625 cm-1.  Multiple water stretching and bending modes are observed 15 
showing that there is much variation in hydrogen bonding between water and the silicate 16 
surfaces.  17 
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Introduction 23 
The name apophyllite refers to a specific group of phyllosilicates, a class of minerals that also 24 
includes the micas [1, 2]. Originally, the group name referred to a specific mineral, but was 25 
redefined in 1978 to stand for a class of minerals of similar chemical makeup that comprise a 26 
solid solution series, and includes the members apophyllite-(KF), apophyllite-(KOH), and 27 
apophyllite-(NaF) [3].  A recent change in the nomenclature system used for this group was 28 
approved by the International Mineralogical Association, removing the prefixes from the 29 
species names and using suffixes to designate the species [3].  The most common mineral is 30 
apophyllite-(KF) and is found in many places worldwide. Apophyllite-(KOH) is also a very 31 
common mineral. Apophyllite-(NaF)  [4] also exists but is far less common.  Apophyllite-32 
(KF) and apophyllite-(KOH) are different minerals only because of the difference in the 33 
percentage of fluorine to hydroxyl ions. They represent the end members of a series that 34 
might be called the apophyllite series.  Apophyllite is a layered phyllosilicate but is not a 35 
zeolite, even though it has a lot of similar properties to zeolites.  36 
Apophyllite-(KF)  is tetragonal with space group 4/mmm [5].  The crystals are tabular to 37 
prismatic [1, 2, 6, 7].  Tetragonal minerals have three axes of different lengths and angles of 38 
90 degrees. Apophyllite-(KF)   is an anisotropic mineral and has low relief. This mineral 39 
belongs to the uniaxial (+) optical class, which means its indicatrix has a prolate sphenoid 40 
shape with a circular section, principal section, and one optic axis.  Images of the crystals are 41 
shown in Figure 1(the images were obtained by one of the authors (YX)).  The space group is 42 
P4/mmm with a=8.963, c = 15.804 and z=2 [1, 2, 6, 7].  The mineral is found in many 43 
localities world-wide. It occurs as a secondary mineral in amygdules or druses in basalts and 44 
in cavities in granites. It may be found in tactites and other metamorphic rocks. The mineral 45 
is transparent to colourless but maybe white, pink, pale yellow to green. The minerals used in 46 
this study were colourless (see Figure 1).   47 
Sengupta et al. reported the infrared spectra of some natural Indian zeolites including 48 
apophyllite [8].  Sidorov [9] reported the Raman spectrum of apophyllite and identified 49 
Si2O52- ions in the structure and confirm the presence of these ions in silicates with double 50 
rings and double chains or layers.  Adams et al. [10] determined the single crystal Raman 51 
spectrum of an apophyllite mineral.  Duval and Lecomte [11] used vibrational spectroscopy 52 
to determine the role of water in the apophyllite structure.  53 
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Raman spectroscopy has proven very useful for the study of minerals [12-19].  Indeed Raman 54 
spectroscopy has proven most useful for the study of diagenetically related minerals as often 55 
occurs with minerals containing silicate groups such as apophyllite-(KF)  and apophyllite-56 
(KOH). The objective of this research is to report the vibrational spectra of apophyllite-(KF) 57 
and apophyllite-(KOH) and to relate the spectra to the molecular structure of the minerals.  58 
Experimental 59 
Mineral 60 
The apophyllite-(KF) and apophyllite-(KOH) minerals were obtained from The 61 
Mineralogical Research Company. The samples originated from (a) Pune District (Poonah 62 
District), Maharashtra State, India, (b) Palabora Open Pit, Phalaborwa, Transvaal, Republic 63 
of South Africa (c) Christmas Mine, Gila County, Arizona, USA. Details of the mineral have 64 
been published (page 259 and 358) [5].   65 
Raman spectroscopy 66 
Crystals of apophyllite-(KF) and apophyllite-(KOH) were placed on a polished metal surface 67 
on the stage of an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x 68 
objectives. The microscope is part of a Renishaw 1000 Raman microscope system, which 69 
also includes a monochromator, a filter system and a CCD detector (1024 pixels). The Raman 70 
spectra were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised 71 
light at 633 nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in 72 
the range between 200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest 73 
magnification (50x) were accumulated to improve the signal to noise ratio of the spectra. 74 
Because of the lack of signal, over 1200 scans were made. The spectra were collected over 75 
night. Raman Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer.  The 76 
Raman spectrum of at least 10 crystals was collected to ensure the consistency of the spectra.   77 
Infrared spectroscopy 78 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer with a smart 79 
endurance single bounce diamond ATR cell. Spectra over the 4000525 cm-1 range were 80 
obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror velocity of 81 
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0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.  The infrared spectra 82 
are given in the supplementary information.   83 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 84 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 85 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 86 
that enabled the type of fitting function to be selected and allows specific parameters to be 87 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 88 
function with the minimum number of component bands used for the fitting process. The 89 
Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 90 
undertaken until reproducible results were obtained with squared correlations of r2 greater 91 
than 0.995.  92 
Results and Discussion 93 
The Raman spectra of apophyllite-(KF) from the two different origins and of apophyllite-94 
(KOH) in the 100 to 4000 cm-1 range are displayed in Figure 2.    The infrared spectra of and 95 
apophyllite-(KOH) in the 500 to 4000 cm-1 range are displayed in Figure 3. These spectra 96 
illustrate the relative intensities of the bands and the position of the peaks.  It is obvious that 97 
there are large sections of the spectra where no intensity is observed. Thus the spectra are 98 
subdivided into sections dependent upon the particular vibration being studied. The Raman 99 
spectra of apophyllite-(KF) and apophyllite-(KOH) in the 800 to 1400 cm-1 are reported in 100 
Figure 4. The infrared spectrum of apophyllite-(KF) and apophyllite-(KOH) in the 500 to 101 
1300 cm-1 range is reported in Figure 5.  102 
The spectrum of apophyllite-(KF) in Figure 4a is identical to the spectrum of apophyllite-103 
(KOH) in Figure 4c. The spectrum of the apophyllite-(KF) from South Africa (Figure 4b) 104 
shows slight differences especially in intensity. The Raman spectrum of apophyllite-(KF) is 105 
dominated by a very intense sharp peak at 1059 cm-1.  Dowty showed that the -SiO3 units had 106 
a unique band position of 980 cm-1 [20] (see Figures 2 and 4 of this reference).   Dowty also 107 
showed that Si2O5 units had a Raman peak at around 1100 cm-1.  Apophyllite-(KF) consists 108 
of continuous sheets of Si2O6 parallel to the 001 plane.  The band at 1059 cm-1 is assigned to 109 
the SiO stretching vibration of these Si2O6 units.  Adams et al. [10] reported the single crystal 110 
Raman spectrum of apophyllite.  Adams and co-workers reported the factor group analysis of 111 
apophyllite. Based upon Adams [10] assignment this band is the A1g mode. It is predicted that 112 
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there should be three A1g modes. However, only one is observed, perhaps because of 113 
accidental coincidence. Narayanan [21] collected the spectrum of an apophyllite mineral but 114 
did not assign any bands.  Raman bands of significantly lower intensity are observed at 970, 115 
1007, 1043, 1086 and 1114 cm-1. The Raman bands at 1043, 1086 and 1114 cm-1 are assigned 116 
to the A2u modes. Vierne and Brunel [22] published the single crystal infrared spectrum of 117 
apophyllite and found the two A2 modes, at 1048 and 1129 cm-1. The significance of this 118 
observation is that it shows that both the Si-O bridge and terminal bonds yield stretching 119 
wavenumbers at comparable positions.  The Raman spectrum of apophyllite-(KF) from South 120 
Africa (Figure 4b) shows an intense band at 1059 cm-1 with bands of lower intensity at 1007, 121 
1088 and 1114 cm-1.  The band at 846 cm-1 is assigned to a water librational mode; however 122 
the band was of a very low intensity in the spectrum of the South African mineral.  The 123 
Raman spectrum of the apophyllite-(KOH) (Figure 4c) displays an intense band at 1057 cm-1 124 
with bands of lower intensity at 851, 969, 1007 and 1113 cm-1.  The band of apophyllite-125 
(KOH) at 1059 cm-1 is assigned to the SiO stretching vibration of the Si2O6 units.  The band 126 
at 851 cm-1 is assigned to the water librational mode.  It is interesting to compare the spectra 127 
of the three apophyllites in this spectral region.  In general, the spectra are identical.  128 
 129 
The infrared spectrum of apophyllite-(KF) and apophyllite-(KOH) over the 500 to 1300 cm-1 130 
range are displayed in Figure 5. The infrared spectra of the three mineral samples from India, 131 
South Africa and Arizona show a striking similarity. An intense band is observed at around 132 
1000 cm-1 and it may be decomposed into component bands at 963, 1005 and 1042 cm-1. Two 133 
sharp bands are observed at 1093 and 1120 cm-1. Two infrared bands are observed at 762 and 134 
790 cm-1. These bands are assigned to the Eu mode.  Infrared bands are found at 600, 628 cm-135 
1 (a), 600, 627 cm-1 (b) and 597, 628 and 666 cm-1 (c).  These bands are attributed to water 136 
librational mode. The observation of two or more bands suggests that there are water 137 
molecules in different environments in the structure of apophyllite-(KF).  138 
 139 
The Raman spectra of apophyllite-(KF) and apophyllite-(KOH) in the 300 to 800 cm-1 region 140 
are shown in Figure 6.  The spectrum of apophyllite-(KF) in Figure 6a is identical to the 141 
spectrum of apophyllite-(KOH) in Figure 6c. The spectrum of the apophyllite-(KF) from 142 
South Africa (Figure 6b) shows slight differences especially in intensity. Three intense 143 
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Raman bands for sample (a) are found at 431, 583 and 663 cm-1. The bands are observed in 144 
the Raman spectrum of sample (b) at 484, 583 and 660 cm-1 but are of different intensities. 145 
These bands are assigned to OSiO bending modes.  There are many more bands observed in 146 
the spectra shown in Figure 6 than is required from theory.  Raman bands are observed at 147 
337, 373, 462, 485, 511, 538 cm-1 in the region below 550 cm-1. Dowty calculated the band 148 
position of these bending modes for different siloxane units [20].  Dowty demonstrated the 149 
band position of the bending modes for SiO3 units at around 650 cm-1. This calculated value 150 
is in harmony with the higher wavenumber band observed at 663 cm-1.  According to Adams 151 
et al. [10] the band at 432 cm-1 is due to the coincidence of both the B2g and Eg modes.  152 
 153 
The Raman spectrum of the three apophyllite samples in the far low wavenumber region is 154 
reported in Figure 7.  As above, the spectrum of apophyllite-(KF) in Figure 7a more closely 155 
resembles the spectrum of apophyllite-(KOH) in Figure 7c.  Both these spectra are somewhat 156 
different to the spectrum of the apophyllite-(KF) from South Africa (Figure 7b).  For the 157 
apophyllite mineral from India, quite intense Raman bands are observed at 106, 132, 161, 158 
155, 209, 228 and 266 cm-1.  Strong Raman bands were also reported by Adams et al. [10] in 159 
the single crystal Raman spectrum of apophyllite in this spectral region. Adams et al. showed 160 
the orientation dependence of the spectra.  Bands in these positions are due to framework 161 
vibrations and probably also involve water.  The intense band at 209 cm-1 may involve 162 
hydrogen bonding of water.  However until the Raman spectrum of deuterated apophyllite is 163 
measured, then no firm conclusion can be made. Raman bands are observed for the 164 
apophyllite-(KOH) at 106, 121, 134, 163, 185, 203, 236 and 254 cm-1 (Figure 7c). The 165 
Raman spectrum of the apophyllite mineral sample from South Africa shows strong bands at 166 
106, 139, 164, 209 228 and 267 cm-1.   167 
 168 
The Raman spectrum in the OH stretching region is reported in Figure 8.  As before, there is 169 
a striking similarity among the three spectra. Overall two features are observed, namely 170 
bands due to water stretching vibrations and hydroxyl stretching bands. It is noted that the 171 
hydroxyapophyllite Raman spectrum has two OH stretching bands.  The Raman spectrum of 172 
the apophyllite from Indian shows a complex set of bands which may be resolved into 173 
component bands at 2813, 2893, 3007, 3085 and 3365 cm-1. These bands are attributed to 174 
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water stretching vibrations. Neutron diffraction studies have shown that water is hydrogen 175 
bonded to the silicate framework structure [23].  In the model of Prince [23] approximately 176 
one-eighth of the water molecules are replaced by OH- and the remaining protons bonded to 177 
fluoride to form HF molecules. Both OH- and H20 are hydrogen bonded to the silicate 178 
framework.  Bartl and Pfeifer [6] presented a model of apophyllite in which some hydroxyl 179 
units are replaced by fluoride ions.  This model seems more appropriate as the sizes of F- and 180 
OH- ions are very close. There are many examples in nature where in minerals the OH- units 181 
are either completely or partially replaced by F- ions.  The spectrum shown in Figure 8a 182 
shows that water is in different molecular environments in the structure of apophyllite. 183 
Different hydrogen bond strengths are observed.   The intense band at 3557 cm-1 and a low 184 
intensity band at 3626 cm-1 are assigned to the stretching vibrations of the OH units.  In 185 
contrast, the Raman spectrum of the fluorapophyllite from South Africa shows an extremely 186 
intense band at 3557 cm-1 which is attributed to the OH stretching vibration.  Because the 187 
intensity of this band is so high, it makes the intensity of the water bands appear low.  Water 188 
bands are found at 2848, 3009, 3098 and 3430 cm-1.  The difference between the two 189 
apophyllite-(KF) mineral samples may be due to the amount of OH substitution by F- ions. 190 
Based upon the intensity of the Raman peaks, it appears that there is a lot more OH in the 191 
South African sample.  In the apophyllite-(KOH) sample from Arizona, two OH stretching 192 
vibrations are observed at 3563 and 3625 cm-1.  The peak at 3625 cm-1 was also observed in 193 
the spectrum in Figure 8a.   It is proposed that the difference between apophyllite-(KF) and 194 
apophyllite-(KOH) is the observation of two bands in the OH stretching region at around 195 
3563 and 3625 cm-1.  The Raman spectrum of the water stretching region also shows 196 
considerable complexity as was observed for the first two apophyllite samples. Water 197 
stretching bands are observed at 2812, 2974, 3062, 3212 and 3357 cm-1. Chukhrov et al. [24] 198 
determined the nature of water in apophyllites and showed the water was in a highly 199 
crystalline state.   200 
 201 
The infrared spectra of the OH stretching region of apophyllite-(KF) and apophyllite-(KOH) 202 
are displayed in Figure 9.  The spectra seem to parallel the Raman spectral in this spectral 203 
region.  As with the Raman spectra, two sets of bands are observed: (a) Around 3553 cm-1 204 
attributed to the stretching vibrations of the hydroxyl units and (b) water stretching vibrations 205 
in the 2500 to 3400 cm-1 region. More intensity is shown in the water bands as compared with 206 
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the Raman spectrum. This is not unexpected as water has a very low Raman scattering cross 207 
section. For sample (a) water bands are observed at 2682, 2934, 3003, 3133 and 3417 cm-1. 208 
Two overlapping bands observed at 3538 and 3553 cm-1 are attributed to the stretching 209 
vibrations of the hydroxyl units.  A similar set of bands are observed for the South African 210 
apophyllite-(KF) mineral sample.  OH stretching vibrations are observed at 3540 and 3554 211 
cm-1.  Water bands are delineated at 2808, 3003, 3073 and 3419 cm-1.  For the apophyllite-212 
(KOH) sample, water bands are observed at 2637, 2837, 2989, 3083 and 3414 cm-1.  OH 213 
stretching vibrations are found at 3547 and 3559 cm-1 for the apophyllite-(KOH) sample.   214 
The Raman spectra in the 1400 to 1800 cm-1 region for the apophyllite-(KF) and apophyllite-215 
(KOH) samples are displayed in Figures 10a and 10b.  The complexity of the water stretching 216 
region is reflected in the water bending region. Three water bending bands are observed at 217 
1626, 1683 and 1705 cm-1. There is a band at 1523 cm-1 which is thought to be a hydroxyl 218 
deformation mode. A similar set of bands is observed for the apophyllite-(KOH) sample. The 219 
infrared spectra of the three apophyllite samples are shown in Figure 11. The spectra parallel 220 
the Raman spectra in this spectral region.  Water bending vibrations are observed at 1647, 221 
1678 and 1694 cm-1. Infrared bands are observed in similar positions for the other two 222 
apophyllite samples.  A band is observed at 1553 cm-1 in each of the three spectra, and is 223 
assigned to an OH deformation mode.  224 
 225 
Conclusions  226 
The apophyllite mineral group includes micas and also zeolitic minerals such apophyllite-227 
(KF), apophyllite-(KOH) and apophyllite-(NaF) now written as apophyllite-(KF), 228 
apophyllite-(KOH), and apophyllite-(NaF) respectively.  These minerals are layered 229 
phyllosilicates and are not defined as zeolites.  It is apparent based upon the vibrational 230 
spectra that the molecular structure of the minerals is very similar. The only difference is the 231 
variation in the amount of fluoride ions to hydroxyl units in the structure. Since the size of the 232 
two ions is very close, one can substitute for the other in the structure. 233 
 234 
Raman spectroscopy shows that for apophyllite-(KOH) two Raman bands at 3563 and 3625 235 
cm-1 are observed yet for fluorapophyllite only a single band at around 3557 cm-1 is found.  236 
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The Raman spectrum of the apophyllites show a very complex spectral profile in the water 237 
stretching region and multiple component bands may be resolved. Raman bands are found at 238 
2813, 2893, 3007, 3085 and 3365 cm-1.  Multiple bands are also observed in the water 239 
bending region. This shows that water in different hydrogen bonding environments exists in 240 
the apophyllite structure.  241 
The apophyllite minerals are phyllosilicates and the vibrational spectra reflect the 242 
characteristics of phyllosilicate.  The mineral is a sheet silicate and consists of chains of Si2O6 243 
units with water and potassium ion between these layers. The apophyllite minerals are 244 
characterised by an intense Raman band at 1059 cm-1 and assigned to the SiO stretching 245 
vibration of the Si2O6 units.  Raman bands of significantly lower intensity are observed at 246 
970, 1007, 1043, 1086 and 1114 cm-1 attributed to SiO terminal and bridging modes.  Intense 247 
Raman bands found at 431, 583 and 663 cm-1 are assigned to OSiO bending modes.   248 
Raman spectroscopy complimented with infrared spectroscopy has added to our fundamental 249 
knowledge on the molecular structure of apophyllites. 250 
 251 
Acknowledgments 252 
The financial and infra-structure support of the Queensland University of Technology, 253 
Chemistry discipline is gratefully acknowledged. The Australian Research Council (ARC) is 254 
thanked for funding the instrumentation.   255 
256 
10 
 
References 257 
[1] J. Louisfert, Journal de Physique et le Radium 8 (1947) 21. 258 
[2] W.H. Taylor, S. Naray-Szabo, Zeitschrift fuer Kristallographie, Kristallgeometrie, 259 
Kristallphysik, Kristallchemie 77 (1931) 146. 260 
[3] P.J. Dunn, W.E. Wilson, Mineralogical Record 9 (1978) 95. 261 
[4] H. Matsueda, Y. Miura, J. Rucklidge, Am. Mineral. 66 (1981) 410. 262 
[5] J.W. Anthony, R.A. bideaux, K.W. Bladh, M.C. Nichols, Silica, Silicates. Mineral 263 
data Publishing, Tucson, Arizona, 1995. 264 
[6] H. Bartl, G. Pfeifer, Fortschritte der Mineralogie 53 (1975) 3. 265 
[7] A.A. Colville, C.P. Anderson, P.M. Black, American Mineralogist 56 (1971) 1220. 266 
[8] S.K. Sengupta, A.K. Chakravarty, G.C. Maiti, Fertilizer Technology 20 (1983) 52. 267 
[9] T.A. Sidorov, Zhurnal Neorganicheskoi Khimii 52 (2007) 1688. 268 
[10] D.M. Adams, R.S. Armstrong, S.P. Best, Inorganic Chemistry 20 (1981) 1771. 269 
[11] C. Duval, J. Lecomte, Journal de Chimie Physique et de Physico-Chimie Biologique 270 
50 (1953) C64. 271 
[12] R.L. Frost, S.J. Palmer, J. Mol. Struct. 988 (2011) 47. 272 
[13] R.L. Frost, S.J. Palmer, H.J. Spratt, W.N. Martens, J. Mol. Struct. 988 (2011) 52. 273 
[14] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1001 (2011) 43. 274 
[15] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1004 (2011) 88. 275 
[16] R.L. Frost, S.J. Palmer, Y. Xi, J. Mol. Struct. 1005 (2011) 214. 276 
[17] R.L. Frost, Y. Xi, S.J. Palmer, J. Mol. Struct. 1001 (2011) 56. 277 
[18] R.L. Frost, Y. Xi, S.J. Palmer, J. Mol. Struct. 1001 (2011) 49. 278 
[19] R.L. Frost, Y. Xi, S.J. Palmer, K. Tan, J. Mol. Struct. 1005 (2011) 78. 279 
[20] E. Dowty, Physics and Chemistry of Minerals 14 (1987) 80. 280 
[21] P.S. Narayanan, Current Science 20 (1951) 94. 281 
[22] R. Vierne, R. Brunel, Bulletin de la Societe Francaise de Mineralogie et de 282 
Cristallographie 92 (1969) 409. 283 
[23] E. Prince, American Mineralogist 56 (1971) 1241. 284 
[24] F.V. Chukhrov, L.P. Ermilova, E.S. Rudnitskaya, Trudy Mineralogicheskogo 285 
Muzeya, Akademiya Nauk SSSR No. 20 (1971) 221. 286 
 287 
 288 
289 
11 
 
List of Figures 290 
Figure 1 Images of (a) apophyllite-(KF) from India (b) apophyllite-(KF) from South Africa 291 
and (c) apophyllite-(KOH) from Arizona 292 
Figure 2 (a) Raman spectrum of apophyllite in the 100 to 4000 cm-1 range and (b) infrared 293 
spectrum of apophyllite in the 500 to 4000 cm-1 range.   294 
Figure 3 (a) Raman spectrum of apophyllite in the 800 to 1400 cm-1 range and (b) infrared 295 
spectrum of apophyllite in the 500 to 1300 cm-1 range.   296 
Figure 4 (a) Raman spectrum of apophyllite in the 300 to 800 cm-1 range and (b) Raman 297 
spectrum of apophyllite in the 100 to 300 cm-1 range.   298 
Figure 5 (a) Raman spectrum of apophyllite in the 2600 to 3800 cm-1 range and (b) infrared 299 
spectrum of apophyllite in the 2400 to 3800 cm-1 range.   300 
Figure 6 Infrared spectrum of apophyllite in the 1300 to 1800 cm-1 range.   301 
 302 
303 
12 
 
 304 
 
Figure 1a (India) 
 
Figure 1b (South Africa) 
 
13 
 
Figure 1c (Arizona) 
 305 
306 
14 
 
 307 
Figure 2a (India) 
 
Figure 2b (South Africa) 
15 
 
 
Figure 2c (Arizona) 
 308 
309 
16 
 
 310 
 
Figure 3a (India) 
 
Figure 3b (South Africa) 
17 
 
 
Figure 3c 
311 
18 
 
 312 
 
 
Figure 4a (India) 
 
Figure 4b (South Africa) 
19 
 
 
Figure 4c 
 313 
314 
20 
 
 315 
 
Figure 5a (India) 
 
Figure 5b (South Africa) 
21 
 
 
Figure 5c 
 316 
317 
22 
 
 318 
 
Figure 6a (India) 
 
Figure 6b (South Africa) 
23 
 
 
Figure 6c 
319 
24 
 
 320 
 
Figure 7a (India) 
 
Figure 7b 
25 
 
 
Figure 7c 
 321 
322 
26 
 
 323 
 
Figure 8a 
 
Figure 8b 
27 
 
 
Figure 8c 
 324 
325 
28 
 
 326 
 
Figure 9a 
 
Figure 9b 
29 
 
 
Figure 9c 
327 
30 
 
 328 
 
Figure 10a 
 
Figure 10b (Arizona) 
 329 
330 
31 
 
 331 
 
Figure 11a 
 
Figure 11b 
32 
 
 
Figure 11c 
 332 
